, and 24 h after a 30-min RUN (75% V O2max). After RE, Fn14 gene and protein expression were induced (P Ͻ 0.05) and peaked at 8 and 12 h, respectively. Downstream markers analyzed showed evidence of TWEAK-Fn14 signaling through the alternative NF-B pathway after RE. After RUN, Fn14 gene expression was induced (P Ͻ 0.05) to a much lesser extent and peaked at 24 h. Fn14 protein expression was only measurable on a sporadic basis, and there was weak evidence of alternative NF-B pathway signaling after RUN. TWEAK gene and protein expression were not influenced by either exercise mode. These are the first human data to show a transient activation of the TWEAK-Fn14 axis in the recovery from exercise, and our data suggest the level of activation is exercise mode dependent. Furthermore, our collective data support a myogenic role for TWEAK-Fn14 through the alternative NF-B pathway in human skeletal muscle. exercise; Fn14; skeletal muscle; TWEAK RECENTLY, we completed a large microarray study in humans in which we identified a set (661) of genes that were responsive to resistance exercise (in the untrained and trained state) and correlated with whole muscle size and strength increases after a resistance training program (38
RECENTLY, we completed a large microarray study in humans in which we identified a set (661) of genes that were responsive to resistance exercise (in the untrained and trained state) and correlated with whole muscle size and strength increases after a resistance training program (38) . One of the most prominent genes in the array study, both with regards to fold change and correlation value, was fibroblast growth factor-inducible 14 (Fn14), which is also commonly known as the tumor necrosis factor (TNF)-like weak inducer of apoptosis (TWEAK)-receptor. The cell surface receptor Fn14 and its ligand TWEAK belong to the TNF␣ superfamily and their interaction has been known since 2001 (8, 56) . Over the last decade, the TWEAKFn14 system has emerged as an important component of tissue remodeling in health and disease (9) . Notably, cell and animal studies have also shown that the TWEAK-Fn14 system is a regulator of skeletal muscle biology and is involved in directing skeletal muscle atrophy, regeneration, and mitochondrial function (15, 40, 45) .
TWEAK is expressed in many different tissues (31) , including human skeletal muscle (38) , but leukocytes constitute a major source of TWEAK and contribute to TWEAK's role in injury and inflammation (9) . Fn14 is the smallest of all TNF␣ superfamily receptors and expressed at low levels by most healthy tissues (9) , including skeletal muscle (21, 26, 38) and satellite cells (13, 19) . Therefore, the activity of the TWEAK-Fn14 axis is greatly dependent on the induction of Fn14 expression (45) . In animals, Fn14 has been shown to be highly inducible after cardiotoxin injury (19, 45) or denervation in skeletal muscle (40) . Other relevant experimental models in which Fn14 is increased include mechanical stretch and hypertension-induced left ventricular hypertrophy in cardiac tissue of mice (10, 28, 29) . Fn14 expression is also sensitive to growth factors such as the fibroblast growth factor (FGF) (which also gave rise to its name), platelet-derived growth factor (PDGF), and vascular endothelial growth factor (VEGF) (8) .
The TWEAK-Fn14 system signals via TNF receptor-associated factors (TRAFs) through the multifaceted nuclear factor kappa-light-chain-enhancer of activated B cells (NF-B) pathway (7, 9, 15, 52, 56) . TWEAK-Fn14 is able to activate both the classical (i.e., canonical) and alternative (i.e., noncanonical) NF-B pathway (14, 15, 45) . High concentrations of TWEAK activate the classical NF-B pathway, which impairs myogenesis through activation of myoblast proliferation and prevents cell cycle exit and further differentiation (11, 14) . Prolonged elevated levels of TWEAK also appear to activate the classical NF-B pathway and result in marked skeletal muscle atrophy in animals (12, 26, 40) . Low concentrations of TWEAK have been shown to activate the alternative NF-B pathway and elicit a promyogenic response by stimulating myoblast fusion (i.e., terminal differentiation) (14, 15) . Collectively, the literature supports that a transient activation of the TWEAK-Fn14 axis is a physiological and promyogenic event, while prolonged or chronic axis activation (e.g., after substantial injury or during inflammation) is considered a pathological event which results in proteolysis and subsequent atrophy in skeletal muscle (15, 40, 45) .
To date, relatively little is known about the TWEAK-Fn14 axis in human skeletal muscle. We were the first to report the induction of Fn14 after resistance exercise (RE), among young and old individuals (38) . This Fn14 induction was targeted to fast-twitch muscle fibers (38) , which hypertrophied with resistance training (37) . We also reported that TWEAK gene expression was not affected by RE in young and old adults, which suggests that Fn14 induction is the main regulator of the TWEAK-Fn14 axis in human skeletal muscle (38) . In support of our data, Merritt et al. (25) recently reported an increase in Fn14 gene expression and no change in TWEAK gene expression 24 h after an acute bout of RE in middle-aged and old individuals. Collectively, the human data to date suggest that the TWEAK-Fn14 axis has progrowth qualities in healthy human skeletal muscle.
The goal of the present study was to extend our Transcriptome findings (38) and further investigate the TWEAK-Fn14 axis following RE or RUN exercise in humans by examining the gene and protein expression time course of markers involved in the TWEAK-Fn14 pathway. The time course (pre-to 24-h postexercise) of the following 10 genes was investigated: TWEAK, Fn14, TRAF1, TRAF2, TRAF3, NIK (NF-B inducible kinase), IKK2 (inhibitor of kappa-B kinase beta), IB␣ (nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor, alpha), PDGF, and VEGF. Protein expression was investigated in a subset of time points for the following proteins: TWEAK, Fn14, TRAF3, NIK, and NFKB2 (i.e., p100/p52). Considering the promyogenic qualities of Fn14, we hypothesized that RE (a hypertrophic stimulus) would elicit a greater induction of Fn14 and its downstream targets compared with RUN (an aerobic stimulus). We also hypothesized that TWEAK expression would not be induced at any time point after RE or RUN exercise.
MATERIALS AND METHODS

Subjects
Twelve healthy, nonsmoking, nonobese, and physically active volunteers participated in this research. Six subjects (2 F, 4 M) were included in the RE protocol, and six other subjects (1 F, 5 M) participated in the submaximal RUN protocol (Table 1) . Subjects involved in the RE group had been performing resistance exercise ϳ2 times/wk on a regular basis. Subjects involved in the RUN group had been running 3-5 times/wk consistently. All subjects were given oral and written information about the experimental procedures and potential risks before giving their written informed consent. All procedures conformed to the standards set forth by the Declaration of Helsinki, and these procedures were approved by the Institutional Review Board of Ball State University.
Experimental Design
All subjects were familiarized with the procedures and equipment and had their anthropometric measures made prior to the trial. RE subjects were tested for their bilateral knee extensor concentric one repetition maximum (1-RM) on a Cybex Eagle Knee Extensor (Cybex, Medway, MA) ϳ1 wk prior to the trial. On trial day, RE subjects performed 3 sets of 10 repetitions at 70% of their 1-RM with 2 min of rest between sets. The RUN subjects completed a V O2max test using an incremental treadmill test to voluntary exhaustion on a treadmill ϳ10 days prior to the trial. Oxygen uptake was measured using indirect calorimetry as previously described (58) . On trial day, RUN subjects performed 30 min of treadmill running at 75% of V O2max.
For both RE and RUN, subjects refrained from physical activity for at least 48 h prior to the preexercise muscle biopsy and rested in a supine position for at least 30 min prior to each muscle biopsy with the exception of the immediate postexercise time point. All trials began between 6 and 7 am. After the first, and through the 8-h postexercise muscle biopsies, subjects rested quietly in the laboratory. Thereafter, subjects were allowed normal ambulation and returned to the laboratory for the 12-and 24-h postexercise muscle biopsies. Subjects also fasted with ad libitum water intake at least 8 h prior to lying down for the preexercise muscle biopsy and through the 8-h postexercise muscle biopsy. Thereafter, they were fed standardized meals. The 24-h postexercise muscle biopsy was performed after an overnight fast of at least 8 h. It should be highlighted that this study builds upon our previously published time course papers (23, 58) , which reported on the gene expression time course of myogenic, proteolytic, metabolic, and interleukin (IL)-related markers after RE and RUN in the same group of subjects as reported here. Therefore, the gene expression results in this manuscript are complementary to our previous genetic analyses of these same samples. The protein expression analysis conducted in the present study was guided by the novel gene expression findings.
Muscle Biopsies
Eight muscle biopsies (4) were taken from the vastus lateralis (VL) of RE subjects and from the lateral head gastrocnemius (LG) of RUN subjects; pre-, immediately post (0 h), and 1-, 2-, 4-, 8-, 12-, and 24-h postexercise. The muscle biopsies alternated between legs with each biopsy being more proximal than the one before on the same lower limb. Following each muscle biopsy, the muscle sample was divided up and placed in 0.5 ml of RNALater (Ambion, Austin, TX) and stored at Ϫ20°C until RNA extraction, or immediately frozen and stored in liquid nitrogen until Western blot analysis. The vastus lateralis and gastrocnemius are both considered to be muscles with mixed fiber types, and it was our intention to measure gene and protein expression in the muscles that are engaged in the specific mode of exercise and that have been commonly studied in exercise physiology research.
Muscle Homogenization and Protein Assay for Western Blot Analysis
Muscle samples (10 -20 mg) were placed in 20 vol of RIPA buffer (Thermo Scientific) with freshly added Halt Protease Inhibitor Cocktail (Thermo Scientific) and Phosphatase Inhibitor Cocktail (Thermo Scientific), homogenized with a glass mortar and motorized glass pestle, and kept on ice. The resulting homogenate was clarified by a 1,000 g centrifugation for 5 min (4°C). The supernatant was collected and the protein concentration of each sample was determined with a BCA protein assay kit (Thermo Scientific), using a bovine serum albumin standard. Specifically, after being stored on ice, a 10-l aliquot from each sample was combined with 90 l of RIPA buffer (plus inhibitors) (1:10 vol/vol), mixed thoroughly, and pipetted in triplicate (25 l each) into a 96-well plate. Protein concentrations were read on an ELX808 IU microplate reader (BioTek). After successful protein assay was confirmed, the remaining sample volume was precisely measured and diluted (vol/vol) with 2X blue buffer [2% SDS, 12 mg/ml EDTA, 0.12 M tris(hydroxymethyl)aminomethane (pH 6.8), 2 mg/ml bromophenol blue, 15% glycerol and 10% ␤-mercaptoethanol].
Western Blot Analysis
Western blot analyses were performed as previously described by our laboratory (16, 53, 55) . Each Western blot sample was heated in were then separated with a 4 -20% gradient gel with 10 wells (Thermo Scientific) using SDS-PAGE for 90 min at 100 V and transferred to a polyvinylidene fluoride (PVDF) membrane (Immobilon-P, Millipore, Bedford, MA) for 90 min at 40 V at ϳ4°C. The membrane was blocked with 5% milk in Tris-buffered saline (pH 7.6) and 0.1% Tween-20 (TBST) for 1 h (gently rocking at room temperature), washed (3 ϫ 5 min) in 1xTBST, and incubated with a primary antibody in 1xTBST for TWEAK (1:2,000; ab86287, Abcam), Fn14 (1:2,000; ab109365, Abcam), TRAF3 (1:500; no. 4729, Cell Signaling), NIK (1:1,000; no. 4994, Cell Signaling), and NF-B2 p100/p52 (1:500; no. 4882, Cell Signaling) at 4°C overnight. Blots were washed (3 ϫ 5 min in 1xTBST), incubated in an anti-rabbit horseradish peroxidase-conjugated secondary antibody (1:4,000; no. 7074, Cell Signaling) mixed with 5% milk in 1xTBST for 1 h, and washed again (4 ϫ 15 min in 1xTBST) prior to being exposed for 5 min to enhanced chemiluminescent substrate (Amersham ECL Prime Western Blotting Detection Reagent, GE Healthcare). Excess chemiluminescent substrate was removed and the blot was placed inside a plastic sheet protector to allow digital images of protein bands to be captured using a chemiluminescent imaging system (FluorChem SP, Alpha Innotech). Protein band density was analyzed using the spot density analysis software provided with the imaging system.
On each gel, five muscle samples from an RE subject (pre, and 4, 8, 12, 24 h post) and four muscle samples from a RUN subject (pre, and 8, 12, 24 h post) were loaded (number of samples was guided by the gene expression results). Molecular weight markers See Blue Plus 2 (molecular mass range: 4 -250 kDa) and MagicMark (molecular mass range: 20 -220 kDa) (Invitrogen) were used throughout the study and loaded together in the 10th lane on all gels. The See Blue Plus 2 marker served as a visual guide during the gel run and transfer onto the PVDF membrane, while the MagicMark Western Protein Standard was relied upon during the imaging phase. The membranes were stained in a Ponceau solution (Sigma) to verify equal loading across samples (data not shown).
Total RNA Extraction and RNA Quality Check
Total RNA was extracted in TRI Reagent (Molecular Research Center, Cincinnati, OH). The quality and integrity (RIN of 7.6 Ϯ 0.1) of extracted RNA (187.8 Ϯ 8.7 ng/l) was evaluated using an RNA 6000 Nano LabChip kit on an Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA) as we have previously described (23, 24, 35, 58) . qPCR Oligo(dT) primed first-strand cDNA was synthesized (120 ng of total RNA) using SuperScript II RT (Invitrogen, Carlsbad, CA). Quantification of mRNA levels (in duplicate) was performed in a 72-well Rotor-Gene 3000 Centrifugal Real-Time Cycler (Corbett Research, Mortlake, NSW, Australia). Housekeeping gene glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as a reference gene, as we have previously described (20, 36) . All primers used in this study were mRNA-specific (on different exons and crossing over an intron) and designed for qPCR (Vector NTI Advance 9 software, Invitrogen) using SYBR Green chemistry. Details about primer characteristics and sequences are presented in Table 2 . The qPCR parameters have been described previously (23, 58) . A melting curve analysis was generated for all qPCR runs to validate that only one product was present. A serial dilution curve (cDNA made from 500 ng of total RNA of human skeletal muscle; Ambion, Austin, TX) was generated for each qPCR run to evaluate reaction efficiencies. The amplification calculated by the Rotor-Gene software was specific and highly efficient (efficiency ϭ 1.05 Ϯ 0.01; R 2 ϭ 0.99 Ϯ 0.00; slope ϭ 3.21 Ϯ 0.03). The expression of genes of interest was evaluated using the 2 Ϫ⌬⌬Ct (fold change) relative quantification method (22, 23, 36) .
Statistical Analysis
The gene and protein expression response to RE or RUN was examined using a one-way repeated-measures ANOVA. Significance was set at P Ͻ 0.05 (two-tailed). Main time effects (P Ͻ 0.05) were interpreted using the least significant difference (LSD) pairwise comparisons between preexercise and each postexercise time point (P Ͻ 0.05). We chose to perform the LSD pairwise comparisons as opposed to the Bonferroni correction since the LSD pairwise comparisons will provide the scientific community with valuable information about each gene's and protein's expression pattern in the 24-h recovery period after RE or RUN. We do not expect that other research teams will repeat our time course experiment, but instead they may select a specific time point based on the information provided by this investigation. Statistical analyses were performed using SPSS 17.0 for Windows software package. Data are presented as means Ϯ SE.
RESULTS
The genes of interest in the present study were chosen as they represent markers in the TWEAK-Fn14 pathway, which primarily signals through the NF-B system. The investigated genes capture targets in both the classical and alternative NF-B pathways at eight time points (pre and 0, 1, 2, 4, 8, 12, and 24 h post) in conjunction with RE or RUN. Protein analyses were guided by the gene expression data and thus examined at five time points (pre and 4, 12, and 24 h post) in the RE group and at four time points (pre and 8, 12, and 24 h post) in the RUN group. The gene expression data suggested activation of both the classical and alternative NF-B pathway. However, mRNA of a well-established alternative pathway kinase, NIK, was greatly induced after exercise. Considering the lack of information on the alternative NF-B pathway in human skeletal muscle, and recent reports of its involvement in myogenesis (14, 15) , we chose to direct the protein analyses to representative markers of the alternative NF-B pathway.
TWEAK-Fn14 Pathway Markers After RE
TWEAK and Fn14. There was a large mRNA induction (P Ͻ 0.05) of the TWEAK receptor, Fn14, which started at 1 h (3.2-fold) and peaked at 8 h post (48.0-fold). Fn14 mRNA levels remained elevated through 24 h post RE (9.0-fold). Fn14 protein was nondetectable at pre, but became visible (Table 3) in all RE subjects at 4 h and increased (P Ͻ 0.05) further at 8 h and peaked 12 h post RE (Fig. 1) . TWEAK gene and protein expression was unaffected in the span of 24 h after RE (Fig. 1) .
TRAF1, TRAF2, and TRAF3. Immediately downstream of Fn14, there was little change in gene expression among the receptor-associated factors, TRAF1, TRAF2, and TRAF3, with only a slight elevation (P Ͻ 0.05) in TRAF2 mRNA levels at 12 and 24 h post RE (1.5 and 1.7-fold, respectively) ( Table 4) . Protein expression was measured for TRAF3 because of its purported involvement in the alternative NF-B pathway (39, 43) . There was a trend (P ϭ 0.09) for TRAF3 induction (up 36%) at 24 h post RE (data not shown).
NIK. Further downstream the NF-B inducible kinase, NIK, is a well-established marker of the alternative NF-B pathway (39, 44) . NIK gene expression was elevated (P Ͻ 0.05) by 4 h (3.5-fold), peaked at 8 h (4.7-fold), and remained elevated through 24 h post RE (2.0-fold) (Fig. 1) .
In agreement with the gene data, NIK protein expression nearly doubled (P Ͻ 0.05) by 12 h and still appeared elevated at 24 h post (Fig. 1). p100-p52. The cleavage processing of p100 into p52 is considered a signature step of the alternative NF-B pathway, and thus Western blot analysis illustrating this p100-p52 cleavage process has become a hallmark analysis for the alternative pathway (39) . After RE, p52 protein levels were increased (P Ͻ 0.05) at 4 and 8 h, and tended to be increased (P Ͻ 0.07) at 12 and 24 h post, indicative of alternative NF-B pathway activation (Fig. 2) . There was no significant change detected in p100 protein levels.
IKK2 and IB␣. IKK2 mRNA was only elevated (P Ͻ 0.05) at 24 h post (1.7-fold), while IB␣ mRNA levels were decreased (P Ͻ 0.05) at 2 h (0.5-fold) and 12 h (0.4-fold) post RE (Table 4) . Protein expression of classical NF-B pathway markers was not evaluated.
VEGF and PDGF. We also examined the mRNA levels of the two growth factors PDGF and VEGF since they have been shown to impact Fn14 expression in vitro (8) . Only VEGF appeared responsive to RE, with an induction (P Ͻ 0.05) that peaked at 2 h (3.1-fold) and remained elevated through 12 h post (2.0-fold) ( Table 4 ). VEGF and PDGF protein expression was not evaluated.
TWEAK-Fn14 Pathway Markers After RUN
TWEAK and Fn14. Fn14 mRNA levels were not induced until 12 h (8.5-fold) and peaked 24 h (12.0-fold) post RUN (P Ͻ 0.05) (Fig. 3) . Although there was an increase in Fn14 gene expression, this was not enough to elicit a detectable increase in Fn14 protein levels. Contrary to the homogeneous Fn14 protein induction in the RE subjects, Fn14 protein induction was sporadic in the runners, with only two of six runners showing induction at 8 h, and two of six at 12 h and at 24 h post RUN (Table 3) . Given the sporadic Fn14 protein expression no statistics were conducted on this data set. RUN had no significant impact on the TWEAK mRNA and protein levels in the 24-h period after exercise (Fig. 3) .
TRAF1, TRAF2, and TRAF3. Interestingly, TRAF1, TRAF2 (P ϭ 0.08 time effect), and TRAF3 were all affected by RUN (Table 5) . TRAF1 was induced (P Ͻ 0.05) at 1 h (1.9-fold), and at 8 to 24 h with a peak at 24 h post (2.7-fold). Similarly, TRAF2 was induced (P Ͻ 0.05) at 1 h (1.8-fold) and at 12 to 24 h with a peak at 12 h post (2.2-fold) RUN. Last, TRAF3 was also increased at 1, 2, and 
Preexercise Fn14 protein levels are not detectable (Ϫ) in 60 g of total protein. Fn14 expression is detectable (x) starting at 4 h post RE, but after RUN (8 to 24 h post) the expression pattern is much more sporadic. n/a, not applicable.
8 to 24 h with a peak at 24 h post (3.9-fold) RUN (Table 5) . Although there was a robust increase in TRAF3 mRNA after RUN, there was no change in TRAF3 protein levels 8 -24 h after exercise (data not shown).
NIK. NIK gene expression was elevated (P Ͻ 0.05) at 8 h (3.0-fold) and 12 h (4.7-fold), but no change was detected in NIK protein levels 8 to 24 h post RUN (Fig. 3) . p100-p52. There was a small decrease in p100 protein expression at 24 h post RUN, but no significant change was detected in p52 protein levels at any time point (Fig. 2) .
IKK2 and IB␣. IKK2 gene expression was elevated (P Ͻ 0.05) at 12 h post (1.9-fold), while IB␣ mRNA levels decreased (P Ͻ 0.05) at 12 h (0.6-fold) post RUN (Table 5) . Protein expression of classical NF-B pathway markers was not evaluated.
VEGF and PDGF. VEGF mRNA levels were affected by RUN as evidenced by an increase (P Ͻ 0.05) that started immediately post, peaked at 2 h (3.4-fold), and remained elevated through 24 h post (1.9-fold) RUN (Table 5) . PDGF was not affected by RUN exercise. VEGF and PDGF protein expression was not evaluated. Data are means Ϯ SE. TRAF, TNF receptor-associated factor; IKK2, inhibitor of kappaB kinase beta; IB␣, nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor, alpha; PDGF, platelet-derived growth factor; VEGF, vascular endothelial growth factor.
a Main time effect, P Ͻ 0.05; *P Ͻ 0.05 compared with Pre.
DISCUSSION
In recent years it has become increasingly clear that the TWEAK-Fn14 pathway is involved in the regulation of skeletal muscle mass in animals (15, 40) . Simultaneously, our laboratory has compiled convincing evidence that the TWEAK-Fn14 axis is intricately involved in the skeletal muscle biology of humans. We recently reported that human skeletal muscle Fn14 gene expression is very responsive to resistance exercise, targeted to fast-twitch muscle fibers, and its induction positively correlates with skeletal muscle growth and functional improvements at the myocellular and whole muscle level (38) . The objectives of the present study were to extend our previous findings and further investigate the cell surface receptor Fn14 and its ligand TWEAK's regulation following exercise in humans. We examined the mixed muscle gene and protein expression time course of markers in the TWEAKFn14 pathway after a typical RE bout (3 ϫ 10 at 70% of 1-RM) or a 30-min RUN. Our new data show 1) the TWEAK-Fn14 axis is transiently activated in the recovery from exercise in human skeletal muscle, 2) Fn14 appears to be the primary regulator of the TWEAK-Fn14 axis after exercise, 3) RE substantially stimulates Fn14 expression, while RUN stimulation of Fn14 is more modest, and 4) RE activates the alternative NF-B pathway.
From our perspective, Fn14's consistent induction with exercise is intriguing. In the Transcriptome study, 28 of 28 subjects induced Fn14 gene expression after an acute RE bout (identical bout to present study) (38) . Highly trained college runners exhibited a robust Fn14 gene response targeted to the fast-twitch fibers after tapered run training, during a time when these muscle fibers substantially increased in size (24, 27) . We are now adding another 12 subjects to this "human pool," verifying our previous microarray RE findings, and also showing that RE affects Fn14 gene and protein expression more so than RUN. The time course design revealed new information about Fn14's induction pattern after RE and the magnitude of induction is noteworthy. The Fn14 protein data presented here are the first reported in human skeletal muscle. Considering we were only able to detect Fn14 protein on a consistent basis after RE, it appears that a robust gene expression response beyond resting levels may be required in order for the Fn14 protein levels to become detectable. Our time course data also suggest that the Fn14 induction is transient since Fn14 mRNA and protein levels were lower at 24 h post RE compared with 8 and 12 h post, which is indicative of a healthy response (8) . The animal research to date has relied upon more extreme stimuli such as cardiotoxin injury or denervation, while we show that modest exercise bouts can activate the TWEAK-Fn14 axis in humans. Collectively, our laboratory's Fn14 data and those from Merritt et al. (25) strongly support that Fn14 is a desired component of the biology involved in the postexercise recovery. TWEAK mRNA and protein levels were remarkably consistent throughout the 24-h time course after RE, and these data extend and support previous TWEAK mRNA findings after RE (25, 38) . Collectively, the data suggest that human skeletal muscle contains a steady low amount of TWEAK and a regular bout of exercise is not insulting enough to elicit an increase in this cytokine. Interestingly, and in line with the hypertrophic nature of RE, it has recently been shown that low concentrations of TWEAK encourage myoblast fusion (14, 15) . In animal skeletal muscle, TWEAK levels have been shown to increase dramatically after cardiotoxin injury (19, 45) , in which an inflammatory response is elicited.
It is well established that the TWEAK-Fn14 system signals through the multifaceted NF-B pathway (9, 15, 56) , including the classical and alternative NF-B pathways. The classical pathway can be activated by several cytokines (e.g., TNF␣ and IL-1), while activation of the alternative pathway is more selective (1, 39, 43) , further complicating the interpretation. The two pathways differ greatly in the speed of signal transduction since the alternative pathway relies upon de novo synthesis of its well-known kinase, NIK, to further transduce the signal (39, 44) . In the absence of a signal, NIK is constitutively degraded and does not stabilize/accumulate until there is a signal coming via a receptor such as Fn14. Once stable, NIK phosphorylates IKK1, which then phosphorylates p100, upon which p100 is cleaved into p52. Next, p52 combines with RelB to form a heterodimer and enters the nucleus as a transcription factor. The accumulation of NIK and p52 are considered hallmark steps in the activation of the alternative NF-B pathway (39, 44) . Considering our NIK mRNA findings, we chose to focus our protein analyses on the alternative NF-B pathway. To our knowledge, these are the first protein data on NIK and p100/p52 in human skeletal muscle in conjunction with exercise. NIK protein levels were elevated by 72% at 12 h post RE, clearly showing an accumulation of this pivotal pathway protein.
Further evidence for alternative pathway activation was generated through the increase we noted in p52 protein levels starting at 4 h post RE, an increase that lasted through the 24-h time point. We did not see a concomitant drop in p100, but it is possible that p100 levels were kept steady via increased mRNA levels and subsequent protein synthesis of p100.
In the present study we also measured the gene expression of the classical NF-B pathway markers shown to be affected by TWEAK-Fn14 signaling in cells and animals, namely IKK2 and IB␣ (11, 21) . IKK2 was relatively unresponsive to exercise. Directly downstream of IKK2, IB␣ gene expression decreased early post RE, which is likely a result of quick IB␣ protein synthesis in response to its degradation (which occurs upon phosphorylation by IKK2) (3, 41) . Upon phosphorylation by IKK2 and degradation, IB␣ releases NF-B, which allows NF-B to move into the nucleus and initiate transcription of many different genes (32, 57) .
Given the human model used here, we cannot say for certain if TWEAK-Fn14 activates both the classical and alternative NF-B pathway after RE. The classical pathway in particular can be activated by many cytokines (30) . It has also previously been shown that a more vigorous bout of RE (same intensity but 3 times greater volume compared with our RE bout) activates the classical NF-B pathway (51) . Our prior time course investigation in these resistance exercisers and runners also supports activation of the classical NF-B pathway (23) . In fact, the classical NF-B pathway has been shown to impact Fn14 gene expression (57) , so it is likely that activation of the classical pathway precedes activation of the alternative NF-B pathway, which relies on Fn14 induction (14) . Therefore, considering the quick signal transduction of the classical pathway, the Fn14 induction time course reported here, and the stable TWEAK levels, it is less likely that TWEAK-Fn14 signals through the classical NF-B pathway after RE in humans. Collectively, our new gene and protein expression data suggest that the TWEAK-Fn14 axis is potentially involved in the activation of the alternative NF-B pathway after RE. These data are novel since activation of this pathway has not been previously examined in human skeletal muscle. Importantly, these findings are in line with the recent data from Enwere et al. (14, 15) , showing how TWEAK-Fn14 activates the alternative pathway and results in myotube fusion. Previous animal data also suggest that the alternative NF-B pathway is involved in supporting the oxidative phenotype of skeletal muscle through mitochondrial biogenesis (2), which of course would be an advantage to exercising muscles.
We also analyzed mRNA levels of the TNF receptor-associated factors TRAF1, TRAF2, and TRAF3, all of which have been reported to associate with Fn14's cytoplasmic tail and mediate the communication between Fn14 and the NF-B pathways (7) . TRAF3 protein levels were also examined because of its purported role in regulating the alternative pathway (via regulation of NIK) (39, 44) . To our knowledge, these are the first TRAF data reported in conjunction with exercise in human skeletal muscle. Only TRAF2 gene expression was slightly increased after RE, and a trend for increased TRAF3 protein was noted post RE. Collectively, these data suggest that TRAF levels in RE-trained muscle are adequate to handle signal transduction upon Fn14 induction, and any other TNFrelated cytokine signaling through these receptor-associated factors.
TWEAK-Fn14 Pathway Findings After RUN
The Fn14 mRNA induction was modest after RUN. In addition, we were only able to detect Fn14 protein on a sporadic basis after RUN (see Table 3 ), and therefore we did not conduct any statistics on these data. The different Fn14 mRNA and protein induction pattern between RE and RUN suggests that Fn14 induction is dependent on the exercise mode and thus type of muscle contraction. The RE bout consisted of 30 high intensity concentric-eccentric contractions (3 ϫ 10 at 70% of 1-RM), and this protocol has resulted in skeletal muscle hypertrophy and strength gains if performed over a 12-wk period in our laboratory with different populations (37, 42, (47) (48) (49) 54) . It is unlikely the robust Fn14 induction among our trained RE subjects was due to injury after the RE bout. We have previously shown that an identical bout of RE in resistance exercise-naive participants does not increase creatine kinase levels during the first 24 h after exercise (59) . The 30-min aerobic RUN protocol used in this study resulted in ϳ2,700 submaximal contractions (based on the 180 run strides/ min estimate, 90 per leg). It should be noted that the subjects in this study were accustomed to RE or RUN, and therefore the exercise stimulus was not novel to them.
It is also possible that peak induction of Fn14 after RUN occurred beyond the 24-h time course investigated here. Fiber type differences between the VL in the lifters (MHC I, 33%; MHC II, 67%) and the LG in the runners (MHC I, 56%; MHC II, 44%) (58) should also be considered when interpreting the Fn14 data. The slightly greater amount of MHC II in the RE group may have impacted the fold-change seen in Fn14 mRNA after RE [since Fn14 induction is targeted to MHC II (27, 38) ], but it is unlikely to have impacted the time-course difference seen between RE and RUN.
TWEAK mRNA and protein did not change after RUN, which combined with the RE data strongly suggest that TWEAK levels are not affected by regular exercise in humans. NIK mRNA levels increased post RUN, but interestingly we did not detect any differences in NIK protein levels. We also did not detect any convincing changes in p100 and p52, other than a slight drop in p100 at 24 h post RUN. Collectively, these data are more diffuse and are not convincing to support an activation of the alternative NF-B pathway within the first 24 h after RUN.
While TRAF levels were barely induced after RE, TRAF1, TRAF2, and TRAF3 were all elevated early after RUN exercise. Since this TRAF induction preceded any Fn14 induction after RUN, this may suggest that other TNF family receptors, most of which associate with TRAFs (6), are activated by cytokines in response to RUN. In support of this notion, we previously reported a biphasic mRNA induction of cytokines TNF␣, IL-6, and IL-8 after RUN (23) , which is also indicative of classical NF-B pathway activation given these are all target TWEAK-Fn14 Pathway Time Course after RE or RUN • Raue U et al. genes of NF-B. The mRNA levels of these cytokines increased immediately post RUN after which they returned to basal levels before increasing again to peak levels at 8 to 24 h post RUN. These three cytokines are also known to be circulating in plasma after exhaustive running exercise (33) . A further increase in TRAF1, -2, and -3 after RUN was also noted between 8 and 24 h post, which corresponds to the time frame when cytokine mRNA levels increased again (23) . The IKK2 and IB␣ data after RUN also support activation of the classical NF-B pathway.
It should be noted that at the 24-h time point, the RUNinduced gene expression levels showed little signs of return toward basal levels in our present and our most recent time course investigation (23) . A more prolonged activation of the classical NF-B pathway is associated with proteolytic and inflammatory outcomes (30, 46) , ultimately resulting in an anti-growth environment. This concept may partially explain the difference in skeletal muscle phenotype between resistance-trained and aerobically trained individuals.
We also investigated the gene expression time course of growth factors PDGF and VEGF, both known to induce Fn14 expression in vitro (8) . VEGF mRNA levels were very responsive to both RE and RUN, which is in agreement with previous reports (17, 18, 34, 50) , and the time course was very similar for both modes of exercise. PDGF induction did not reach statistical significance after either mode of exercise. Given the similar induction pattern of these growth factors after both RE and RUN, these markers likely played an insignificant role in Fn14 induction after exercise, which further supports that exercise mode and type of muscle contraction is more important for Fn14 induction.
Study Limitations
Given the multiple biopsies involved with this time course investigation, a crossover design was not realistic. This influenced our decision to select subjects accustomed to a particular exercise mode (RE vs. RUN), which should be taken into account when evaluating the time course data sets provided here. Moreover, the relatively small sample size with mixed sex may have limited our statistical power and data interpretation. Due to tissue limitations we did not investigate the phosphorylation state of any proteins in the NF-B pathways that may have provided additional insight and warrants investigation in future studies. Last, we did not include a nonexercise control group to evaluate if numerous muscle biopsies (four per leg) influenced our results. However, Vella et al. (51) have recently shown that three muscle biopsies from the same leg did not affect the classical NF-B pathway, suggesting that our multiple biopsies scheme did not influence our data set.
Summary
The present investigation presents novel information about TWEAK-Fn14 regulation after RE and RUN exercise in skeletal muscle of young adults. RE and RUN exercise induces a transient activation of the TWEAK-Fn14 axis, suggestive of a normal and physiologically coordinated response to exercise, although the magnitude and time course of activation appears to be exercise mode dependent. Our data also suggest that Fn14 is the regulatory step of TWEAK-Fn14 pathway activity after exercise. We show for the first time in human skeletal muscle that the alternative NF-B pathway is activated after RE, and this activation may be through the TWEAK-Fn14 axis. Collectively, these new findings coupled with our recent Transcriptome data (38) promote a growth-related role for Fn14 in human skeletal muscle, which supports other reports of Fn14 being involved in myogenesis in cells and animals (13) (14) (15) 19) .
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